IMPORTANCE Tinnitus affects more than 40 million people in the Unites States, and cognitive difficulties are among the most commonly associated symptoms.
tial subset of this population, tinnitus can be highly distressing and result in a variety of physical, functional, cognitive, and emotional impairments. Although many treatments will mitigate the tinnitus for some patients, unfortunately, no cures for tinnitus are available. The exact etiology of chronic tinnitus is unknown; however, current evidence suggests that most cases of tinnitus, regardless of their origin, have correlates in the central nervous system. [3] [4] [5] [6] In support of this idea, studies have found that the perception of tinnitus exists even after transsection of the auditory nerve between the cochlea and the brain. 7 Recent neuroimaging studies have demonstrated that patients with tinnitus demonstrate abnormalities not only in the central auditory pathways 8 but also in nonauditory areas of the brain involved in the allocation of attention, perception, and emotional processes. [3] [4] [5] [6] 9, 10 Cognitive difficulties are among the most commonly reported symptoms of tinnitus. 11, 12 Using the Cognitive Failures Questionnaire (CFQ), 13 patients with tinnitus have endorsed a greater number of cognitive impairments than healthy controls and those with acquired hearing loss. 11 Indeed, in a recent survey, 70% of patients with tinnitus reported difficulty concentrating, representing the single largest selfreported psychological consequence of tinnitus. 14 The selfreported cognitive deficits of patients with tinnitus have been corroborated by their performance on routinely performed neurocognitive assessments. 15 For instance, people with tinnitus have been found to have deficits in working memory, 16 cognitive efficiency, 11 attention control, 17 and processing speeds on neurocognitive testing. 16 Neuroplasticity refers to the brain's ability to change and adapt through reorganization of its structure and synaptic connections. 18 With growing evidence that neuroplasticity exists throughout life, 19-21 computerized training programs aimed at recovering cognitive functioning have increased in popularity and have been studied in numerous disorders. For example, computer-based cognitive training (CT) programs have been used in an effort to slow typical age-related cognitive decline [22] [23] [24] [25] 52 and autistic spectrum disorders. 40 However, the ability of D-cycloserine to enhance learning has been most robust and consistent in trials related to anxiety disorders. 53 In particular, D-cycloserine has been found in both human and animal studies to enhance the learning of information that disconfirms fears, such as in exposure therapy for anxiety. 32, 33, 35, 41, 46, 53 Given its ability to augment these therapies, studies have found that D-cycloserine is able to accelerate symptom reduction, lessen the time burden of learning therapies, and allow therapies to be administered at previously subtherapeutic levels. 53 This study aimed to investigate a novel approach to targeting the aberrant neural network changes and cognitive deficits found in tinnitus by using the Brain Fitness Program, a computer-based program, and a medication shown to increase neuroplasticity. Our overall research hypothesis was that a neuroplasticity-sensitizing medication (D-cycloserine), compared with placebo, would lead to greater improvements in the severity of tinnitus bother and cognitive functioning when given with the Brain Fitness Program.
Methods

Study Design
This study was a double-blind randomized clinical trial. The study was approved by the institutional review boards of Washington University in St Louis and Stanford University on fullboard review and was registered through ClinicalTrials.gov (NCT01550796). All participants provided written informed consent. Participants were enrolled for a period of approximately 5 weeks; the date of first participant contact was December 12, 2011, and the date of last participant completion was May 16, 2012 . All participants received treatment with an abbreviated computer-based CT program and were randomized to 1 of 2 groups: a group that received adjuvant treatment with D-cycloserine or placebo. they had any acute or chronic neurological condition, or any psychiatric comorbidity that may have complicated the interpretation of study results. Female participants of childbearing potential were required to have a negative result on a urine pregnancy test and to use a study-approved form of contraception throughout the study. The project's biostatistician (D.K.) was responsible for generating the randomization procedure. Block randomization with blocks of 2 was used to provide a balanced design.
Measurements
After enrollment, all patients completed a demographic collection form and the Patient Health Questionnaire (PHQ-9) 55 designed to screen for depression. Clinically depressed patients (score, >15 on the PHQ-9) were removed from the study. Validated forms from the Oregon Hearing Research Center (http://www.tinnitusarchive.org/forms) were administered to assess a participant's tinnitus at the first study visit and final study visit. Tinnitus assessments and questionnaires included THI, Tinnitus Functional Index (TFI), 56 and a Tinnitus
Description and History form. For the purposes of this study, the TFI was used to assess changes in tinnitus bother through the study. The TFI assessment was chosen on the basis of its high convergent validity and greater responsiveness when compared with the THI. 56 In addition, the TFI, unlike most other tinnitus assessments, probes respondents on their experiences with tinnitus "over the last week," making it conducive to detect changes in tinnitus bother over the relatively short time frame of this study. Cognitive functioning was assessed by self-report using the CFQ 13 and standard validated neurocognitive testing using the Stroop Color and Word Test (SCWT) 57,58 and the Paced Auditory Serial Addition Test (PASAT). 59 The CFQ is a 25-item questionnaire that assesses cognitive slips, difficulties in attention, and forgetfulness using a 5-point Likert scale. Sample questions include "Do you find you forget people's names?" and "Do you start doing one thing at home and get distracted into doing something else (unintentionally)?" Neurocognitive tests were chosen that specifically measure the cognitive domain of attention and that were used in prior tinnitus studies.
Intervention
At the first visit, participants were randomly assigned to either the treatment group receiving the Brain Fitness Program and 250 mg D-cycloserine or to the control group receiving the Brain Fitness Program and an identical-appearing placebo. Participants were instructed to work on the Brain Fitness Program 1 hour per day, 2 days per week, for 5 consecutive weeks, while taking their assigned pills 1 hour prior to working on the training program. Subsequently, all participants took the study medication or placebo at home and worked on the Brain Fitness Program on their personal computer. The degree of adherence to the intervention was assessed in several ways, including a participantcompleted study journal, open-ended questioning at the final study visit, a pill count performed at the conclusion of the study, and information provided from the Brain Fitness Program software. Participants were considered to have completed the treatment if 90% (9 of 10) of the recommended sessions of the Brain Fitness Program were completed and the study medication or placebo was taken prior to working on the program. Throughout the study, all participants and research team members were blinded to the participants' treatment group assignments. After the first treatment session at Washington University, both the participant and the researcher who dispensed the medication guessed which intervention, D-cycloserine or placebo, was administered in order to assess the integrity of the double-blinding.
Sample Size
To our knowledge, this is the first published study to examine the impact of D-cycloserine on CT in patients with tinnitus. Therefore, no effect size is known, which would have been necessary for any sample size estimate. However, a power computation and sample size justification for this study was made on the basis of previous tinnitus treatment studies conducted in the Outcomes Office. With the assumptions of the t test and on the basis of the observations from previous treatment studies, a sample size of 15 participants per group was calculated to provide 80% power to detect a change in the THI of 17 points or greater between those who receive treatment with the Brain Fitness Program and D-cycloserine and those who receive the Brain Fitness Program and placebo (SD of the difference, 16) at the .05 α level.
Statistical Analyses
Standard descriptive statistics were used to describe the distribution of the study population, their tinnitus characteristics, and results on all neurocognitive assessments in both treatment groups. Because the assumptions of parametric testing were not met, the nonparametric equivalent for the independent samples t test, Mann-Whitney U, was used to compare the distribution of continuous level characteristics and baseline test scores between participants randomized to each group. Prior to further analysis, sensitivity analyses were performed to assess for extreme outliers. The Wilcoxon signed rank test was used to compare preintervention and postintervention test results in each treatment group. The change in scores (Δscore) on TFI and neurocognitive assessments was calculated for each participant, and the median and 95% confidence interval of the Δscore was explored. To further explore the change in tinnitus bother and cognitive scores after controlling for potential confounders, a mixed-design analysis of covariance (ANCOVA) model was used to assess the within-subjects vs between-subjects interaction. All statistical tests used were 2 sided and evaluated at the α level of .05. Data were collected and managed throughout the study using the REDCap 61 electronic database developed by Vanderbilt University. Statistical analyses were performed using SPSS Statistics, version 20.0.0 (IBM Corporation).
Results
Description of the Population
Of the 109 patients who expressed interest in the study, 37 passed the telephone screening and provided written informed consent. As shown in the Figure, 17 participants were assigned to the D-cycloserine group and 17 were assigned to the placebo group. In total, 31 of 34 participants completed the program and 30 participants were included in the analyses. The response of 1 participant on several measures was in the opposite direction of the others and, in this small sample size pilot study, was overly influential and was excluded from further analysis. Demographic characteristics, baseline tinnitus characteristics, and scores on neurocognitive tests of the analyzed participants are provided in Table 1 . The median (range) age of the D-cycloserine group was 59 (49-63) years and for the placebo group was 55 (37-63) years. There were no significant differences between the intervention groups in terms of demographic characteristics, baseline tinnitus scores, or baseline neurocognitive assessment scores.
Change in Tinnitus Bother and Cognitive Assessments
Baseline and postintervention scores on the TFI and neurocognitive assessments are provided by treatment group in Table 2 . The median change in TFI score after intervention as compared with baseline for the D-cycloserine group was −5.8 (95% CI, −9.4 to −1.1). Although this difference of 5.8 points achieved statistical significance, it did not achieve the value of 13, which is the minimally clinically significant difference. 56 The median change in TFI score for the placebo group was −1.0 (95% CI, −11.7 to 4.9). There were 3 participants in each of the intervention groups who experienced a clinically meaningful change in tinnitus (defined as a decline in TFI of ≥13 points). The median change in CFQ score for the D-cycloserine group was −4.5 (95% CI, −11.5 to −1.0), whereas the placebo group had a median change of −2.0 (95% CI, −5.1 to 2.0). Finally, the median change in PASAT and SCWT scores, respectively, was 20 (95% CI, 12.4 to 37.0) and 4.0 (95% CI, −1.6 to 8.0) for the Dcycloserine group and 23.0 (95% CI, 3.4 to 31.9) and 2 (95% CI, −0.3 to 6.0) for the placebo group. controlling for age and duration of tinnitus, no significant difference existed for changes in neurocognitive score or TFI scores (F 1,26 = 0.695, P = .41 for the intervention*time interaction) between the D-cycloserine and placebo groups. However, after confounders were controlled for, the improvement 
Adherence and Tolerability
In this study, 31 of 34 participants completed the study (Figure) . In the D-cycloserine group, 1 participant was considered to be lost to follow-up after the study team was no longer able to get in contact with him via mailings and telephone calls. In the placebo group, 1 participant asked to withdraw from the study after 2 treatment sessions as a result of difficulties with "a busy schedule." In addition, on final assessment of adherence, 1 participant in the placebo group was found not to have completed 90% of treatments. In this study, there were no serious adverse events reported. In the D-cycloserine group, 2 participants reported experiencing a sensation of "tingling skin" after 1 treatment session. In the placebo group, 1 participant reported 2 exacerbations of his Ménière's disease, and 1 participant reported an increased frequency of headaches.
Discussion
We aimed to evaluate the feasibility and preliminarily the effectiveness of D-cycloserine, a neuroplasticity-sensitizing drug, in conjunction with a computer-based CT program on improving tinnitus bother and related cognitive difficulties. The main finding was that those participants who received Dcycloserine with CT, compared with those who received placebo with CT, demonstrated a significantly greater improvement in self-reported tinnitus bother and cognitive deficits from baseline. In this study, D-cycloserine and computerbased CT were well tolerated with sufficient adherence and limited adverse effects. The results of this study suggest that the use of D-cycloserine with an abbreviated computer-based CT program may be an effective approach for those participants with bothersome tinnitus. The finding that the added use of D-cycloserine with CT may be more effective than placebo and CT at improving self-reported cognitive difficulties is noteworthy. As mentioned in the Introduction, 70% of patients with tinnitus report concentration difficulties, representing the single largest self-reported psychological comorbidity of tinnitus.
14 Furthermore, in a model constructed to predict quality of life in patients with severe tinnitus, no audiological or psychological variable contributed more to a decreased quality of life than self-reported impairments in concentration. 62 As noted in the Introduction, studies have found that D-cycloserine use is able to accelerate treatment programs, lessen the time burden of therapies, and demonstrate therapeutic improvements at earlier time points in therapy. 53 As such, in this study, the decision was made, similar to other early studies investigating D-cycloserine, 32, 33, 35, 41, 46, 53 to assess the effectiveness of the CT program after an abbreviated number of treatment sessions. In this study, 10 sessions with CT, rather than the previously studied 40 sessions, 21,22 were administered to participants. The decision to curtail the number of treatment sessions was made to decrease the likelihood of desensitization to D-cycloserine after repeated use 63 and to avoid a "ceiling effect," wherein with enough treatment sessions no augmenting effect of D-cycloserine would be observed. 53 However, the encouraging possibility exists that with full administration of the studied computer-based CT program, even more substantial improvements in self-reported cognitive deficits would be observed.
The results of this study provoke the question, Why should the adjuvant use of D-cycloserine, an NMDA agonist, in this treatment demonstrate a statistically significant improvement in self-reported cognitive difficulties yet not affect objectively assessed cognitive performance or more strongly reduce tinnitus bother since NMDA receptors are also present in the inner hair cell and/or auditory nerve synapse? One potential explanation for our results is that an effect was observed only in the most strongly affected outcome, and the sample size was inadequate to detect changes in tinnitus bother or objective neurocognitive scores. The possibility also exists that the computer-based CT program might more strongly affect transient, day-to-day cognitive issues, assessed by the CFQ, compared with effortful performance on standardized cognitive tasks or tinnitus bother. Therefore, if the CT program had not been given on an abbreviated basis or if it had been performed in a larger sample, the effects of the treatment program on standardized cognitive testing and tinnitus bother may have been observed. A second potential explanation for our findings is related to the fact that adjuvant D-cycloserine use, as discussed in the Introduction, most clearly augments learning related to fear extinction. 53 Thus, in this study, Dcycloserine may have helped enhance reduction in fears (or, more broadly, concerns) about cognitive performance, rather than learning reflected in scores on neurocognitive testing. In other words, D-cycloserine might enhance only the subjective experience of cognitive problems, which themselves might be as much due to fears about cognitive problems, as compared with objective cognitive performance itself. If the hypothesis that D-cycloserine use enhances learning of information that disconfirms fears is correct, Dcycloserine might be more likely to reduce tinnitus bother if the intervention clearly involves exposure to tinnitus-related fears, which was not the case in this study. Therapies specifically targeting catastrophizing misinterpretations and fears of tinnitus have been proposed recently in the literature. In a recent study, Cima et al 64 There are several limitations to this study that should be considered when the results are interpreted. Because this is the first time that a study examining CT and D-cycloserine use has been carried out in the tinnitus population, no effect size was known, which is necessary for sample size estimate. Therefore, this study may be underpowered to detect differences in changes in tinnitus bother or cognitive deficits. Second, the external validity of this study may be limited given the unique characteristics of the study population. In this study, the majority of patients were bothered by tinnitus and only those with no neurologic or psychiatric comorbidities were included. However, prior studies have estimated that nearly 50% of patients with severe tinnitus had a concurrent diagnosis of major depression. 76 Consequently, participants in this study may not reflect the usual characteristics of a patient with severe tinnitus. Furthermore, this study was aimed at assessing the feasibility and effectiveness of D-cycloserine compared with placebo as an adjuvant therapy with computer-based CT. Therefore, in this study every participant received some form of treatment. Thus, we cannot comment on the effectiveness of the computer-based CT program, which was not compared with a sham treatment.
Conclusions
This novel approach to treating tinnitus using a computerbased CT program with a neuroplasticity-sensitizing drug, Dcycloserine, was feasible and well tolerated. In the limited sample size of this study, the adjuvant use of D-cycloserine was not associated with improvement in tinnitus bother. However, the adjuvant use of D-cycloserine with CT was more effective than placebo at improving the self-reported cognitive difficulties associated with tinnitus. This finding may be important given the particularly high rate of concerns about cognitive difficulties associated with tinnitus, and this treatment could be particularly useful in a subset of patients with tinnitus. Future research is needed to replicate these findings, preferably in a larger sample that might allow detection of additional effects. Finally, this study shows that Dcycloserine and other putative neuroplasticity-facilitating agents could be investigated in the future as a strategy to enhance various neuroplasticity-based tinnitus treatments.
